Lifestyle measures (LSMs) should be the first-line approach offered for obesity-related functional hypogonadism (FH). When LSMs fail, the role of testosterone replacement treatment (TRT) is unclear. GLP1 receptor agonist liraglutide is linked to progressive and sustained weight loss. A potential direct impact of GLP1 on hypothalamus-pituitarytesticular (HPT) axis was reported in animal models. We aimed to compare the effects of liraglutide and TRT on FH in obese men that had been poor responders to LSM, by means of reversal of FH and weight reduction. We designed a 16-week prospective randomized open-label study with 30 men (aged 46.5 ± 10.9 years, BMI 41.2 ± 8.4 kg/m 2 , mean ± s.d.)
Introduction
Obesity causes functional hypogonadism (FH) due to suppression of hypothalamus-pituitary-testicular (HPT) axis that is potentially reversible (1) . Recent evidence suggests that weight reduction (WR) with lifestyle measures (LSMs) should be recommended as the first-line approach (2, 3) , yet in clinical practice LSM often fails. On the other hand, testosterone replacement therapy (TRT) appears to improve body composition and glycometabolic profile without clearly affecting weight lost as well as its role after a trail of unsuccessful LSM is unclear. Only few studies to date reported that combination of TRT and LSM is superior to LSM alone in increasing insulin sensitivity, glycemic control, muscle mass and reducing liver fat (4, 5) . One study in middle-aged obese men with low testosterone subjected to a rigorous weight loss program has reported that men not receiving TRT lost adipose tissue and lean body mass, whereas weight loss in testosterone-treated men was almost exclusively due to loss of body fat (6) . In selected patients, TRT could be started concomitantly or in addition to LSM to augment the benefits of LSM, although the quality of evidence supporting this concept is low (2) .
GLP1 receptor agonists are linked to progressive and sustained weight loss in subjects with or without diabetes (7) . Despite the fact that the prevalence of FH in obese male population is increased by 13-fold (8) , the impact of liraglutide on obesity-related FH has not yet been addressed in a prospective clinical study. There was only one retrospective observational study reporting that adding long-acting GLP1 receptor agonist liraglutide to LSM, metformin and TRT boosted erectile function in obese men with type 2 diabetes and different forms of hypogonadism (9) . Furthermore, some animal models have demonstrated that GLP1 might even have a direct impact on HPT that is beyond WR (10, 11, 12, 13, 14) . These observations provided an additional rationale to evaluate the effect of liraglutide on male obesityassociated FH.
The aim of this pilot study was to compare the effects of short-term intervention with liraglutide in an antiobesity dose and TRT on FH and weight loss in obese men who had been poor responders to LSM, by means of reversal of FH and WR. The primary outcome measures were changes in testosterone, sexual function and gonadotropins. The secondary outcomes were measures of obesity and metabolic profile. All subjects were informed of the study aims and provided written consent before entering the study, which was conducted in accordance with the Declaration of Helsinki and approved by the National Ethical Committee. The study is registered with ClinicalTrials.gov identifier: NCT03619330.
Materials and methods

Subjects
Study protocol
We conducted a 16-week prospective randomized openlabel study with 30 eligible men who were randomized to liraglutide 3.0 mg QD s.c. (LIRA arm) and 50 mg of 1% transdermal gel QD (TRT arm). Liraglutide was initiated with a dose of 0.6 mg injected s.c. once per day and weekly titrated up to 3 mg. At the beginning of the study, LSM was again actively promoted in both groups. A reduced intake of 500-800 kcal/day and a diet consisting of up to 50% of carbohydrates preferably with low glycemic index, 20% of proteins and 30% of fat, mostly mono-and polyunsaturated, with the amount of saturated fat less than 10%, was advised. The participants were encouraged to increase consumption of fibers, whole grains, cereals, fruits and vegetables along with at least 30 min of moderate-intensity physical activity daily.
Methods
All patients underwent clinical, anthropometric and biochemical assessment at baseline and at study end point.
Assessment of symptoms and signs of FH
We assessed sexual function through a self-reported evaluation of both the number of morning erections per week and the number of ejaculations per week as well as a self-reported measurement of libido. Libido was defined and scaled as 1 for very poor, 2 for poor and 3 for good. A questionnaire, aging male syndrome (AMS) scale, was collected and analyzed before and at the end of the study. Translation of Slovene version was performed in congruence with international methodological recommendations for linguistic and cultural adaptation of HRQoL measures using the English version as source language to ensure cross-cultural equivalence among countries. Six steps of the translation process were followed as recommended (16) .
Assessment of endocrine parameters
Total testosterone levels were measured by coated tube RIA (DiaSorin S. p. A., Salluggia, Italy and Diagnostic Products Corporation, Los Angeles, CA, USA, respectively). Within and between assays, coefficients of variation for testosterone were 1.05 and 5.75%. Sex hormone-binding globulin (SHBG), luteinizing hormone (LH) and follicle-stimulating hormone (FSH) were determined with a chemiluminescent immunoassay (Immulite 2000 XPi Analyzer; Siemens Healthcare). Within and between assays, coefficients of variation for the applied method ranged from 1.2 to 4.0% and 1.8 to 4.3%. Calculated free testosterone (cFT) and bioavailable testosterone were derived from the calculator at http://www.issam.ch/freetesto.htm (accessed 7/10/2018) (17) .
Assessment of anthropometric parameters
Height, weight and waist circumference were measured at the baseline and at study end point. Waist circumference was measured in a standing position midway between the lower costal margin and the iliac crest. BMI was calculated as the weight in kilograms divided by square of height in meters.
Assessment of metabolic parameters
Glucose levels were determined using the standard glucose oxidase method (Beckman Coulter Glucose Analyzer; Beckman Coulter Inc., CA, USA). Insulin was determined by immunoradiometric assay (Biosource Europe S.A., Nivelles, Belgium). Within and between assays, coefficients of variation for insulin were 3.6 and 3.8%. HbA1 was assessed by high-performance liquid chromatography (D-100; Bio-Rad Laboratories). Within and between assays, coefficients of variation for HbA1c were 1.67 and 2.27%. Lipids were determined using Adiva 1800, Siemens analyzer. Insulin resistance (IR) was calculated by the homeostasis model assessment for IR (HOMA IR ): fasting serum insulin (mU/L) × fasting plasma glucose (mmol/L)/22.5 (18) . Impaired glucose tolerance (IGT) was identified by 2 h glucose levels between 7.8 and 11.0 mmol/L, as defined by the American Diabetes Association criteria (19) .
Comorbid conditions included self-reported heart condition, diabetes, cancer, liver conditions, kidney conditions, prostate disease and thyroid disorders. The self-reported history was checked and completed by available medical records.
Safety parameters (complete blood count, PSA, markers of hepatic and renal functions and serum electrolytes) were assessed before and after 16 weeks of study treatment. All men were instructed to report any side effects during the treatment.
Statistical analysis
The results for continuous variables are presented as means ± s.d. Wilcoxon signed-rank test was used for comparison of related samples such as pre-and posttreatment values, while Mann-Whitney test was used for comparison of independent groups. P values below 0.05 were considered statistically significant. Statistical analysis was performed using IBM SPSS Statistics, version 21 (IBM Corp).
Results
Baseline characteristics of the study population are provided in Table 1 . The mean age of participants was 49.3 ± 9.8 years in TRT and 43.9 ± 11.6 years in LIRA arm. There were no significant differences at baseline in any of the parameters between the treatment groups.
Symptoms and signs of FH
Libido and sexual functions were significantly improved in both arms. In TRT arm, libido as reported by selfmeasurement increased from 1.0 ± 0.0 to 2.2 ± 0.7 scores (P = 0.003). In LIRA, libido increased from 1.1 ± 0.3 to 1.8 ± 0.6 scores (P = 0.003). The number of morning erections per week as reported by self-evaluation increased from 1.4 ± 1.3 to 3.8 ± 2.6 N/week in TRT (P = 0.012) and from 1.4 ± 2.2 to 2.9 ± 2.5 N/week in LIRA (P = 0.017). Ejaculations per week increased from 0.9 ± 1.0 to 3.3 ± 2.2 N/week (P = 0.008) in TRT and from 2.6 ± 2.8 to 3.8 ± 2.9 N/week in LIRA (P = 0.048). There were no significant between-treatment differences for any parameters (P = 0.762 for libido, P = 0.550 for morning erections, P = 0.204 for ejaculations). AMS score was significantly improved in TRT ( 
Endocrine changes
Total testosterone significantly increased in both arms, with no significant differences between groups. SHBG tended to increase in LIRA. There was a significant differential effect on HPT axis resulting in further suppression of LH and FSH in TRT and a significant increase of LH and FSH in LIRA (P < 0.001) ( Tables 1 and 2 ).
Measures of obesity
Subjects treated with liraglutide lost on average 6.0 ± 3.2 % of initial weight compared with a 0.8 ± 3.3% in TRT arm. LIRA was also superior in reduction of BMI and waist circumference (Tables 1 and 2 ).
Metabolic parameters
Two men in LIRA and two in TRT had IGT at the beginning of the study. After 16 weeks all of them had normal glucose tolerance. Five patients in LIRA and six patients in TRT had type 2 diabetes at baseline. After 16 months, three patients in LIRA reported lowering of insulin doses.
In TRT one man progressed from normal glucose tolerance to type 2 diabetes mellitus. Ten men in the liraglutide arm and ten in testosterone arm had metabolic syndrome at baseline. It was resolved in two patients in LIRA and in no subjects in TRT.
Hb1Ac significantly decreased in LIRA. HOMA IR score and fasting insulin decreased in TRT. Fasting glucose, glucose and insulin after OGTT, LDL and total cholesterol did not consistently decrease in either group. Triacylglycerol (TAG) significantly increased in both arms and systolic blood pressure (BP) significantly decreased in TRT (Table 1) . The between-treatment difference was significant for HbA1c, LIRA being superior to TRT (Table 2) .
Adverse events
In TRT none of the patients reported adverse events. Ht and PSA did not increase significantly in either arm. PSA did not increase for more than 1.4 μg/L in any subjects (from 0.57 ± 0.33 to 0.59 ± 0.36 μg/L in TRT and from 0.93 ± 0.76 to 0.88 ± 0.66 μg/L in LIRA). Ht did not rise over 52% during either intervention from 0.44 ± 0.03 to 
Discussion
This is the first report demonstrating that 16-week intervention with liraglutide in obese middle-aged men who had been poor responders to LSM, by means of improvement of FH and WR, improved sexual health and overall health benefit. Treatment with liraglutide in an anti-obesity dose resulted in significant improvement of sexual symptoms, increase in total testosterone concentrations, recovery of HPT axis, reduction of anthropometric measures of obesity and improvement of glycemic control. TRT improved sexual functions, total testosterone levels and HOMA IR . In LIRA arm, 6% of weight loss was related with modest increase of total testosterone with 2.6 nmol/L. The impact of WR on testosterone level in obese men has been evaluated only in few RCT and meta-analysis that was limited to small studies with short-term follow-up and heterogeneous study designs (3, 20) . Its impact was generally related to the magnitude of WR. Five per cent of weight loss with LSM was associated with the 2 mmol/L increase of total testosterone and no increase of free testosterone (21), 10% of LSM induced weight loss with 2.9 nmol/L increase of total testosterone, weight loss of more than 15% with increase by 5.7 mmol/L (21) and 30% of weight loss after bariatric surgery with the increase of total testosterone by 8.7 nmol/L (3, 20, 22) . The observed magnitude of the increase in total testosterone in our patients who had been treated with liraglutide was slightly greater than expected for the amount of WR, although they remained hypogonadal by laboratory standards. If WR rate would be maintained in LIRA arm then treatment could result in eugonadal numbers with longer follow-up.
In TRT arm, 50 mg of 1% transdermal gel QD in our study led to moderate increase of total testosterone level by 5.9 nmol/L. The testosterone increase in TRT arm was associated with significant improvement of sexual functions and mood as assessed by AMS score. The observations were in line with other studies reporting that TRT consistently improved sexual functions only in men with significantly reduced total testosterone, as observed in our cohort where mean value of total testosterone at baseline was below 8 nmol/L (23). Interestingly, in LIRA arm, sexual functions also improved, despite only a modest rise of total testosterone by 2.6 nmol/L. We hypothesized that mechanisms other than testosterone increase, including psychosocial factors related to improved body image due to significant WR, might play a role in clinically improved sexual symptoms in LIRA arm. In line with this observation, another study reported that the degree of WR predicted improved erectile function, whereas changes in testosterone level did not (24) . Since AMS did not significantly improve in LIRA arm this possibly means it has less effect on nonsexual symptoms of testosterone deficiency including mood, fatigue, sleep and well-being. The suppression of HPT axis in FH associated with obesity is considered to be an adaptive response to the weight variation (25) . Indeed, especially the severe form of obesity (BMI>38) is characterized by reduction of serum T, its free fraction and quality and quantity of LH secretion (26) . Moreover, several additional causes can have a key role in bringing about this clinical condition (27) . Several adipokines were proposed as negative mediators on the reproductive axis (28) . IR has a distortive impact on GnRH neurons (29) . It has been reported previously that LH increased with WR in magnitude-dependent manner (8) . With weight loss of more than 15% LH increased for 2.2 IU (8). In our study 6% of WR in LIRA was associated with an increase of LH by 0.7 IU/L and FSH by 0.9 mIU/L, whereas both gonadotropins were further suppressed in TRT as expected. Although the current data on GLP1-receptor analogs and reproduction are scarce, some animal studies demonstrated the potential involvement of GLP1 in the direct regulation of the hypothalamus-pituitary system. Intracerebroventricular injection of GLP1 increased the levels of LH in rats (30) . Furthermore, in response to fasting, the rats' hypothalamic GLP1 content significantly decreased when there was a rapid reduction in pituitary LH. Upon refeeding period GLP1 increased, perhaps aiding the recovery of LH secretion (14) .
LIRA resulted in a significant weight loss of about 6% in men who had been poor responders to LSM. In agreement with our study the data from SCALE trials reported similar but slightly pronounced weight loss ranging from 5.7% to 8% (31, 32, 33) . By contrast, TRT in our study did not result in significant weight or waist circumference reduction. The contribution of TRT to WR is uncertain. While some studies and meta-analyses highlighted that TRT may reduce body weight in obese men (34, 35, 36, 37) , few randomized, double-blind placebo controlled trials and a meta-analysis of RCT studies (38) have not confirmed those encouraging results (15, 39, 40) .
As expected, LIRA improved glycemic control resulting in a significant decrease in HbA1c. Metabolic syndrome was resolved in two men treated with LIRA, while no such changes were observed in TRT. However, TRT led to significant improvement of IR as assessed by HOMA IR . It is known that TRT might decrease IR by means of promoting the commitment of pluripotent stem cells into the myogenic lineage and inhibiting their differentiation into mature adipocyte (41) . A compelling number of clinical studies demonstrated that TRT led to improvement in glycemic control and insulin sensitivity (4, 5, 37, 42) , whereas some failed to confirm these observations (43) .
Our study has some limitations. The conclusions are limited by a small sample size and short-term observation. Further larger studies of longer duration should be powered using these preliminary results. Libido and sexual function were not measured with validated tools, and therefore could be inaccurate. Furthermore, 11 out of 30 subjects had type 2 diabetes that could have an independent impact on HPT axis. However, the presence of type 2 diabetes was balanced between the groups and well controlled throughout the study. We assumed that a complex bidirectional relationship between dysglycemia and HPT was controlled in one direction. However, the main strength of this pilot study is the original concept of comparing TRT and liraglutide as a second-line approach in patients who had been poor responders to LSM. The design addressed a common clinical dilemma that is raised after LSM fails.
In conclusion, the pathophysiological background of FH supports a rationale for therapy, other than TRT. Body weight loss with LSM should be the first approach offered to obese men with FH. When LSM fails and bariatric surgery is not yet indicated, novel pharmacological anti-obesity strategies with liraglutide should be advised over TRT, by means of overall health improvement. We demonstrated that liraglutide had modest effect on testosterone levels, potential to improve sexual symptoms irrespective of modest increase in total testosterone, reversed the HPT axis suppression, reduced weight and waist circumference and improved glycemic control. Future studies should investigate the complex relationship between WR and FH beyond the mere impact of the magnitude of WR. Comparing different approaches for WR, including diet, exercises, GLP1 receptor agonists and bariatric surgery, might additionally enlighten the complex cross talks among gut, brain and reproductive axis.
